1. Introduction {#sec1}
===============

In the history of the biomaterials field since the ancient Egyptians, the achievement of biocompatibility was the main concern because it is the most critical property for a typical biomaterial. As the scientific and technological tools evolved it became evident that the architecture and topography of an implant is just as central to the implant design as the chemistry. The ultimate goal of research on cell-substrate interactions is to study the relationship between the substrate surface and the cell response it evokes. There are numerous studies involving substrates with different topography and chemistry, targeting different tissues, cells and cell responses. However, there is still no universal rule of thumb applicable to all situations. The outstanding question in implant surface design is to identify the best design for a target tissue and how it can be achieved with the current knowledge base. The proper approach would be the determination of ideal surface properties for each specific application while taking into consideration the contribution of surface topography to the performance of the implant. Today, with the vast variety of the scientific tools available, response of a cell to any stimulus can be controlled and studied in detail.

Cell shape, adhesion, migration, and fate are controlled by the properties of the substrate. These are topography (the surface architecture), stiffness, and bioactive cell adhesive cues such as peptides and proteins. In 1912, Harrison was first to show the effect of solid support materials on cell movement and morphogenesis by using spider web as the substrate \[[@bib1]\]. He demonstrated that the cell shape and migration were correlated with the substrate organization and topography. Later, Paul Weiss (1947) showed that cells move and migrate by contact guidance \[[@bib2]\]. Curtis and Varde were the first researchers to take advantage of these findings and employed topographical cues for the control of cell behavior \[[@bib3]\]. The microfabrication techniques, initially developed for the electronic industry, came into use for the study of the behavior of cells on micro- and nanopatterned surfaces nearly three decades ago \[[@bib4]\]. Since then, many studies were conducted to elucidate cell-substrate interactions on engineered surfaces prepared using many different materials, architectures and cells \[[@bib5], [@bib6], [@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20], [@bib21]\]. All of these studies showed that cellular functions are affected and in some cases improved by the substrates mimicking the extracellular matrix (ECM) topography. The substrate is not just a cell support but also a guide for adhesion, proliferation, morphology, and spreading by providing physical and chemical signals \[[@bib11],[@bib22]\]. Substrate topography can affect the cellular functions differently depending on the cell type, pattern size and geometry, stiffness and chemical properties of the substrate material \[[@bib20]\]. Sub-micron- to -nanoscale topographies affect cells directly since they have the similar size with ECM proteins such as fibronectin, collagen and laminin. These tissue subunits contain a large number of cells so, sub-millimeter topography can also affect cell-cell interactions, cell-cell signaling, and other cellular activities \[[@bib23]\]. In order to understand the influence of surface topography on shape and other properties of a cell, the cell adhesion and mechanotransduction should be studied thoroughly.

Although the relationship between substrate topography and cell behavior has been studied by many authors, the main difficulty in this area is the abundance and complexity of the substrates which have different mechanical properties, sizes, shapes, distribution and chemistry of topographical cues in addition to the cell and tissue types used. There are several reviews in the literature which focus on topography especially concentrating on feature size and tissue type \[[@bib24],[@bib25]\]. There are others on production methods of substrates \[[@bib26], [@bib27], [@bib28]\], on the biological aspects of the interaction \[[@bib29],[@bib30]\] and on the comparison of physical and chemical cues \[[@bib31],[@bib32]\]. The current review aims to provide an integrative perspective on the biology, production methodology and the cell-topography relationships presented according to the cellular responses evoked with special emphasis on feature size.

This review summarizes the cell adhesion process in order to provide a framework to understand the mechanisms of cell-substrate interaction in the context of tissue engineering and the methods for fabricating such substrates. It provides a comprehensive survey of the current literature to reveal the role of surface pattern chemistry, dimensions, density and design on cell adhesion, alignment, migration, differentiation. It also evaluates nano- and microfabricated substrates as tools for controlling cell and nuclear shape, as well as measurement of the cellular forces.

2. Cell adhesion {#sec2}
================

Adhesion is a fundamental cellular process in tissue formation. It is about the binding of a cell to the extracellular matrix, surface or another cell through use of certain surface proteins \[[@bib33]\]. This binding achieved through cell adhesion proteins, results in two particular mechanisms for the intracellular signal generation: originating a force on cytoskeletal elements which is transmitted throughout the cytosol to the nuclear lamina, and activation of signaling pathways and messengers \[[@bib34]\]. These two processes are not mutually exclusive. Binding to a surface via adhesion molecules and transmission of a signal to the cytoskeleton involves a specific process called "focal adhesion". Focal adhesion points are intersection nodes where the environmental mechanical signals received are transduced to intracellular forces and chemical signals through cytoskeletal connections and signaling proteins \[[@bib35]\]. After the generation of a traction force on the cytoskeleton, this force is transmitted by the cytoskeletal elements to various structures in the cell in which nucleus holds distinct importance \[[@bib36]\]. Following cell adhesion, many cellular events, including differentiation, apoptosis, and changes in the gene expression profiles, are indirectly affected from the forces generated on nuclear lamina \[[@bib36],[@bib37]\].

Cells adhere to each other, to ECM or any substrate with the structures called cell junctions which are tight junctions (*zonula occludens),* intermediate junction (*zonula adherens*), and desmosomes (*macula adherens*). *Zonula occludens* (tight junction) is formed by the fusion of adjacent cell membranes, *zonula adherens* (intermediate junction) is a ∼200 Å intercellular space occupied by homogeneous amorphous material, and *macula adherens* (desmosome) is a ∼240 Å intercellular space with a central dense disc \[[@bib38]\]. Adhesion of cells to substrates was first studied using the interference reflection microscopy, and showed that cell-substrate interactions took place at the adhesions (100 Å) while rest of the cell surface was further away \[[@bib39]\]. It was shown that a surface treatment that generates hydroxyl groups on polystyrene resulted in enhanced cell attachment \[[@bib40]\]. Therefore it was proven that for the cells to adhere to a surface, there must be specific chemical groups available on the substrate \[[@bib40]\]. This was later explained by the presence of specific cell surface proteins called Cell Adhesion Molecules (CAMs) \[[@bib41]\]. These molecules are classified under integrin (receptor) family, immunoglobulin superfamily, selectins and cadherins. Integrins are made up of α and β subunits and are responsible for cell-cell and cell-matrix interactions. Immunoglobulin superfamily consists of CD2, CD58, intercellular adhesion molecules (ICAMs), vascular cell adhesion molecule-1 (VCAM-1), platelet-endothelial cell adhesion molecule-1 (PE-CAM-1), and MAdCAM-1. Selectins are a group of cell adhesion molecules that are expressed on the surface of endothelial cells, leucocytes and platelets and have three subfamilies: E-selectin, P-selectin and L-selectin. Cadherins are a superfamily of Ca^++^ dependent cell adhesion molecules which are important in cell-cell interactions \[[@bib42]\].

Early studies revealed two distinct structures in cell adhesions: close contacts and focal contacts which are separated by 30 nm and 10--15 nm from the substrate, respectively, in fibroblasts \[[@bib43]\]. In recent studies, these contacts are classified as focal complexes, focal adhesions and fibrillary adhesions \[[@bib44]\]. Focal complexes are located at the edge of a lamellipodium and are constituted of paxillin, vinculin, and tyrosine-phosphorylated proteins. Focal adhesions are located at the cell periphery and constitute of α~5~ integrin, paxillin, vinculin, α actinin, talin, focal adhesion kinase (FAK), and tyrosine-phosphorylated proteins. Fibrillary adhesions are located in the central regions of cells and are made of α~5~ integrin and tensin \[[@bib44]\].

3. Adhesion of cells to ECM and mechanotransduction {#sec3}
===================================================

Interactions of cells with the ECM and the neighboring cells elicit responses that have an essential role in the regulation of the behavior and fate of the cell. ECM constitutes a physical and chemical microenvironment, a site for anchorage of cells, and guides cell migration during embryonic development and wound repair. Therefore, it plays a key role in tissue morphogenesis. The ECM also acts as a carrier for the transmission of environmental signals to cells influencing proliferation, differentiation, and apoptosis \[[@bib45]\]. Cells must sense, respond, and adapt to their physical environments at every level (molecular, cellular, tissue, organ and organism). Cells respond to mechanical cues by initiating signals that result in adaptations in cytoskeletal architecture and gene expression \[[@bib46]\]. Adhesion to the ECM is achieved by all types of adherent cells. The adhesion of the cells is achieved by specific cell surface proteins called integrins, and these proteins affect the organization of the cytoskeleton \[[@bib34],[@bib47],[@bib48]\]. The cell adhesion molecules have affinity for a variety of extracellular ligands including but not limited to fibronectin, vitronectin and various types of collagens. The best characterized adhesions are the focal adhesions \[[@bib45]\]. Integrins are responsible for mediating cell-matrix adhesions. 24 known integrin αβ pairs are constituted of 18α and 8β subunits. These α and β subunits are type I transmembrane glycoproteins with large extracellular domains, single spanning transmembrane domains and, with the exception of β~4~, short cytoplasmic domains \[[@bib49]\]. Extracellular domains of integrins bind to ECM ligands and divalent cations. After binding of the extracellular domain, a cascade of intracellular events succeeds. This is called the 'outside-in' signaling. However, integrin function is not unidirectional. There also exists an 'inside-out' signaling which uses integrins as bi-directional passageways of mechanochemical information. Besides working as substrate anchors, they are also linked to the actin cytoskeleton (except α~6~β~4~, which makes connections to intermediate filaments) \[[@bib50]\].

Cell exert traction forces to the substrate during adhesion. These forces are generated by cytoskeletal proteins. To explain the mechanics of the forces generated through cellular cytoskeletal elements cellular tensegrity theory was proposed \[[@bib51]\]. This theory constructs cells from interconnected continuous series of tension elements and discontinuous series of compression resistant elements. The cell exerts a centripetal tension force on adhesion points, while the underlying ECM resists this continuous cytoskeletal tension and act as a discontinuous compression resistant element \[[@bib51]\]. This theory was later grounded the mechanotransduction concept. Mechanotransduction is the process by which cells convert mechanical stimuli into biochemical signals ([Fig. 1](#fig1){ref-type="fig"}a) \[[@bib35]\]. It enables cells to sense their physical environment and to respond by adjusting their structure and function. Mechanotransduction has roles in the regulation of blood pressure, remodeling of bone, maintenance of muscle and perception of touch and sound. Cell growth, migration and gene expression are influenced by mechanotransduction in most cell types \[[@bib10]\]. Cells utilize a variety of mechanosensitive elements to sense applied forces and substrate stiffness including conformational changes in proteins at focal adhesions and inside the cytoskeleton \[[@bib52]\].Fig. 1Mechanotransduction pathways. a- Signaling in mechanotransduction. b- Detail of mechanotransduction from substrate to nucleus.Fig. 1

Mechanotransduction process is not just limited to outside to cytosol, but it proceeds all the way to the nucleus ([Fig. 1](#fig1){ref-type="fig"}b). The nuclear envelope separates the nuclear and cytoplasmic compartments and serves as a mechanosensory element regulating both biochemical and physical interaction of the nucleus with cell cytoskeleton, cell membrane and ECM \[[@bib46]\]. A central role in this mechanosensory process has been attributed to lamins. It is proposed that tensile properties of the lamina would radiate through the cytoskeleton to the plasma membrane, generating a mechanotransduction signaling capability in the cell that links the extracellular matrix to the inside of the nucleus, considering the connectedness of nuclear lamina proteins \[[@bib36],[@bib37]\]. Lamins are nuclear intermediate filaments, and they are the major components of the nuclear lamina which is a dense protein network underlying the inner nuclear membrane. They are extended parts of the LINC (linker of nucleoskeleton and cytoskeleton) complex which enables force transmission across the nuclear envelope \[[@bib47]\]. The LINC complex itself is composed of two protein families: SUN domain proteins at the inner nuclear membrane and KASH domain proteins at the outer nuclear membrane. Many lamin binding proteins also interact with chromatin, particularly with silenced heterochromatic form, and the lamins have been shown to bind to DNA directly. These interactions complete a continuous physical linkage through which traction forces can be transmitted from the cell exterior to chromatin.

4. Fabrication of micro-nanostructures and substrates for 2D structures {#sec4}
=======================================================================

Developments in surface patterning technologies at micro and nano-scale paved the way to novel cell-surface interaction studies. The production of surface topographies with geometrical micro and nanopatterns, like channels, pillars, and pits with controlled dimensions was made possible through the use of various methods \[[@bib14]\]. In the last few decades engineering topographies for generating better cell-substrate attachments, cell differentiation and proliferation for tissue engineering has been studied in detail in the recent years \[[@bib6],[@bib15],[@bib19],[@bib53], [@bib54], [@bib55], [@bib56], [@bib57]\].

4.1. Photolithography {#sec4.1}
---------------------

Photolithography is formation or removal of a pattern on a substrate by UV exposure of a photo mask coated with a resin ([Fig. 2](#fig2){ref-type="fig"}a). The substrate used is generally a silicon wafer, and the photo mask is a film that allows transmission of the UV light through the unmasked regions \[[@bib63]\]. High intensity UV is used to transfer the pattern onto the template or image of the mask to the surface of the substrate \[[@bib63],[@bib64]\]. Photomasks are transparent glass plates and patterns (or their inverse) are mostly metals that block UV transmission \[[@bib65]\].Fig. 2Micro- and nano fabrication methods. a- Production scheme of micropatterned substrates using photolithography \[[@bib58]\]. b- Electron beam lithography consists of milling, deposition, implantation and imaging steps \[[@bib59]\]. c- Solvent casting is a soft lithography method used for the production of micro and nano patterned substrates \[[@bib60]\] (modified with permission). d- Layer-by-layer coating combined with microcontact printing \[[@bib61]\]. e− Direct microcontact printing methods scheme \[[@bib62]\]. f- Hot embossing process \[[@bib9]\].Fig. 2

In the photolithography process, there are 4 fundamental steps: positioning of the mask on the substrate, exposure with UV, and development of the resin, and finally, the etching of the silicon layer. The positive resists used in coating the substrate become soluble in the developer solution as a result of exposure to UV while the negative resists become stabilized or crosslinked and become insoluble in the developer after exposure to UV. In the development step, the soluble parts of the resist are washed away \[[@bib65]\]. When this method is applied to thick resists, the resultant resist can also be used in the fabrication of thick tiny reactors for making micro channels \[[@bib65]\].

4.2. Electron beam lithography {#sec4.2}
------------------------------

Electron beam lithography (EBL) can produce very tiny patterns with dimensions of up to 3--5 nm. It needs an electron source and a scanning electron microscope to perform transfer design ([Fig. 2](#fig2){ref-type="fig"}b). Electrons from the source are accelerated in an electron field, where the electron beam is focused on a narrow spot (2--5 nm) by passing through the lenses. EBL is a process similar to photolithography; photolithography can expose a whole wafer at once but EBL makes it in a series of exposures, so it takes a long time. Also, the stage movement, calibration and settle times are slow and long. Fabrication procedures of EBL and photolithography are also similar in that both use a resist to coated on a substrate. However, EBL needs an electron sensitive coat instead of a light sensitive one. This polymer coat is either degraded or crosslinked upon exposure. Then in the development step, exposed patterns are revealed. In the EBL process, conducting substrates or metallic films coated non-conducting substrates are used \[[@bib66]\].

4.3. Soft lithography and microcontact printing {#sec4.3}
-----------------------------------------------

Micro and nanostructures can be constructed using soft lithography and employ polymers such as polydimethylsiloxane, PDMS as templates (soft lithography) or stamps (microcontact printing) ([Fig. 2](#fig2){ref-type="fig"}c--e). Soft lithography has the advantages of low cost and ease and is frequently used in the production of micropatterned substrates from various materials \[[@bib16],[@bib58],[@bib60],[@bib67],[@bib68]\]. Curved surfaces can also be used successfully due to the flexibility of PDMS while photolithography is not suitable for such surfaces \[[@bib69]\]. Microcontact printing is a method similar to image transfer like a regular stamp and ink. It is used to pattern molecules on a surface for cell behavior and protein adsorption applications \[[@bib61],[@bib62]\]. In microcontact printing, PDMS is used to produce a stamp by replica molding. Then the stamp is inked to adsorb cells, proteins and other molecules to transfer them onto the substrate. After the stamp is pressed, the solvent is evaporated, and molecules are transferred, the stamp is removed revealing the patterns. Microcontact printing can be used for large areas, and multiple copies of the patterns can be obtained by a single stamp by applying it repeatedly. High aspect ratio patterns is not possible with this technique.

4.4. Hot embossing {#sec4.4}
------------------

Hot embossing is another technique widely used for micropatterning \[[@bib9]\]. Thermoplastic polymers are used in this method and heat is applied to polymer to raise it above its transition temperature and the polymer softens ([Fig. 2](#fig2){ref-type="fig"}f) \[[@bib9],[@bib16]\]. Then the master is pressed onto the warm polymer. When cold, the master is remove from the polymer replica. It is a straightforward and short procedure \[[@bib66]\].

4.5. Microfluidics {#sec4.5}
------------------

Microfluidics use small amounts of fluids with the help of channels with dimensions of 10--100 μm. They use small quantities of samples and carry out separations and detections with high resolution and sensitivity, low cost, and short analysis times \[[@bib70]\]. Microfluidic chips are often used to create gradients of proteins, growth factors, drugs or their combination \[[@bib71]\]. By manipulating the flow rates of the input channels, gradients (diffusion profile) with variable intensities can be formed. Aside from rapidly changing the fluidic environment around a cell, microfluidics can also be used to study patterned substrates ([Fig. 3](#fig3){ref-type="fig"}) \[[@bib72], [@bib73], [@bib74], [@bib75], [@bib76]\]. In a study, cells were forced to roll over an obstacle course combining both effects of the fluid shear and physical obstruction of micropatterned substrates ([Fig. 3](#fig3){ref-type="fig"}a) \[[@bib72]\]. Microfabricated culture systems are advantageous as they offer control of the culture environment with high reproducibility at the level of single cells. For example, such a device can be used to capture circulating tumor cells (CTCs) in blood samples ([Fig. 3](#fig3){ref-type="fig"}b--c) \[[@bib73],[@bib74]\]. Thus, a high control of the cell culture environment can be obtained by tightly regulating cell shape, dimensionality, adhesive surfaces/ligands, amount of cell-cell contacts, and the level and nature of provided soluble factors. Denais et al. studied the nuclear rupture mechanics in confined environments using a micropatterned microfluidics device ([Fig. 3](#fig3){ref-type="fig"}d) \[[@bib75]\]. Similarly, another microfluidics device was used for pulling the micropatterned substrates to study cell stretching ([Fig. 3](#fig3){ref-type="fig"}e) \[[@bib76]\]. In general, these systems enable the researchers to study the behavior of cells in cancer and also have great potential in personalized treatments as diagnostic tools \[[@bib77]\].Fig. 3Microfluidics applications of micro and nano patterning technologies. a- Cell rolling cytometer \[[@bib72]\] (modified with permission). b- A microfluidics device with herringbone micropatterns for capturing CTCs \[[@bib73]\] (Copyright (2010) National Academy of Sciences. Modified with permission). c- CTCs were isolated from whole blood samples by using a microfluidics device \[[@bib74]\]. d- Cell confinement microfluidics device to study DNA rupture \[[@bib75]\] (Modified with permission). e− A cell stretching device to study cell contractile response \[[@bib76]\] (Modified with permission).Fig. 3

5. Applications for tissue engineering and Cell material interactions {#sec5}
=====================================================================

There are several applications for tissue engineering and cell-material interactions of the substrates produced using the methods mentioned in the previous sections. These applications include adhesion, alignment, migration and differentiation of the cells, as well as tools for studying the nuclear elasticity, deformation, control of cell shape and measuring cellular forces. Substrates produced using these methods have grooves and channels, pillars, wells and pits, and proteins immobilized on the surfaces creating controlled patterns. The examples of the produced surfaces, surface pattern dimensions, cells and tissues tested with them and the cell responses are summarized in [Table 1](#tbl1){ref-type="table"}.Table 1Summary of the substrates properties and the cellular responses they evoked.Table 1**Grooves/ChannelsMaterialDimensionCell/tissueRemarksRef.**Width/DiameterDepth/HeightPMMA10, 25, 100 μm330 nmHOBsDecreased nanogroove widths led to increased contact guidance, decreased adhesion and increased angiogenic gene expressions[@bib78],[@bib79]2, 3, 6, 12 μm0.2, 0.5, 1.1, 1.9 μmBaby hamster kidney cells,Increased alignment with increased depth and decreased with increased width.[@bib21],[@bib80]PDMS5, 10, 20, 60 μm25 μmHuman neural stem cellIncreased alignment and induced neurite growth with decreased micropattern dimensions. Increased neuron density but altered neurite alignment with increased micropattern dimesions.[@bib81]30 μm10 μmVECOrientation along grooves; changes in gene expression[@bib82],[@bib83]20--60 μm11 μmVSMCEnhanced alignment of cell/nuclei on narrow grooves[@bib83],[@bib84]20, 50, 80 μm5, 12 μmVSMCEnhanced cell/nuclei aspect ratio and cell alignment[@bib83],[@bib85]3.5 μm0.2--5 μmVECOrientation along grooves; no change in proliferation[@bib83],[@bib86]2--10 μm50--200 nmVSMC or VECCell orientation and migration along grooves; enhanced cell elongation[@bib19],[@bib83]1200 nm600 nmVECIncreased cell elongation, alignment and migration along grooves and reduced cell proliferation[@bib83],[@bib87]600 nm600 nmHuman embryonic stem cellsReduced cell proliferation[@bib21],[@bib87]PS10 μm3 μmRat astrocytesLow adhesion, strong alignment[@bib21],[@bib88]1--10 μm0.5--1.5 μmRat bone marrow cellsOn large grooves, focal adhesions cover the surface,\
On narrow grooves, focal adhesions are only on edges[@bib21],[@bib89]1, 2, 5, 10 μm0.5, 1, 1.5 μmRat bone marrow cellsBetter mineralization with 1 μm depth and 1--2 μm width[@bib89]20--1000 nm5--530 nmFibroblastsNo alignment for depths ˂ 35 nm or widths ˂ 100 nm[@bib21],[@bib90]Polyimide4 μm5 μmOsteoblastsStrong alignment, no change in adhesion[@bib9],[@bib21]PDLA10 μm3 μmSchwann cells\
(nerve cells)Strong alignment[@bib21],[@bib91]PHBV1--10 μm5--30 μmRat mesenchymal stem cell-derived\
osteoblastsIncreased osteoblast adhesion and alignment[@bib79],[@bib92]PLGA350, 700, 1050 nm500 nmVECEnhanced adhesion strength,\
Increased cell alignment along grooves[@bib83],[@bib93]Ti750 nm- 100 μm200 nmVECIncreased cell alignment along grooves and higher cell density on grooves with width \< 10 μm[@bib83],[@bib94]Quartz0.5,5,10, 25 μm0.5, 5 μmMurine macrophageIncreased orientation[@bib21],[@bib95]12.5 μm5 μmFibroblastsChange in gene expression profile[@bib21],[@bib96]1, 4 μm1.1 μmMSCAlignment better in the wider grooves[@bib21],[@bib97]2--10 μm30--280 nmMurine macrophageHigher phagocytotic activity when topography size is equal to collagen fiber size[@bib21],[@bib98]TCPS5, 45 μm5 μmPrimary (glioma) and metastatic (lung and colon) tumorsInduced migration of primary and metastatic brain, lung and colon cancer cells[@bib99]HA on PET5, 25 μm--Articular knee chondrocytesInduced adhesion, migration, alignment, and differentiation of chondrocytes[@bib79],[@bib100]Collagen27 μm12 μmMesenchymal osteoprogenitor cellsCell alignment and enhanced bone formation[@bib53]10 μm30 μmHuman corneal keratocytes and D407Higher mechanical properties on patterned collagen films[@bib101]650, 500, 332.5 nm300, 250, 200 nmHMECNo change in proliferation and has a minimal effect on cell alignment, enhanced cell retention under flow-shear conditions[@bib67]Collagen coated with fibrinogen27 μm12 μmRat bone marrow osteoblast cellsEnhanced cell orientation and bone formation[@bib102]Ti--- coated Si15 μm200 nmT24Less round and smaller cell shape[@bib21],[@bib103]**PillarsMaterialDimensionCell/tissueRemarksRef.**Width/DiameterDepth/HeightPMMA4, 8, 16 μm8 μmDPSCControl of fate of the stem cells[@bib60]100 nm160 nmFibroblastsSmaller, less organized actin cytoskeleton[@bib21],[@bib104]100 nm160 nmFibroblastsLess spreading[@bib21],[@bib105]PLGA4, 8, 16 μm8 μmSaos-2, L929, SH-SY5Y, MCF7, hOBNuclear deformation in cancer cells (Saos-2, MCF-7, SH-SY5Y) not in noncancerous cells (hOB, L929)[@bib58]3 μm7 μmMSCGeometry of cell nuclei responds to the micropillar array[@bib106]3 μm5 μmBMSCSevere nucleus deformation, no change in proliferation and differentiation[@bib107]PLGA and PDMS30 μm4, 9 μmNIH 3T3 fibroblastsOn PDMS, 3T3 cells on stiffer (longer) pillar area. No such effect on PLGA.[@bib108]PDMS1--5.6 μm1--8 μmVECEnhanced cell alignment and elongation on PDMS pillars[@bib109]PDMS coated with fibronectin10 μm10 μmMCF-10 A, MDA-MB-231Epithelial to mesenchymal transition of the breast cancer cells within enclosed micropillar arrays[@bib110]PLLA2--20 μm\
with interpillar spaces 2--20 μm5--6 μmSaos-2, MG-63, OHS4Nuclear deformation in cancer cells (Saos-2) higher than in healthy counterparts (OHS-4 and MG-63). Saos-2 cells deformed severely on pillars with 5--10 μm spacing.[@bib111]PLLA, PLLA: PLGA blend200 nm900 nmSaos-2, BMSCSaos-2 cells populated fields with pillars 1 μm apart but not on pillar-free surfaces. BMSCs avoided fields with interpillar distances \<2 μm.[@bib112]Collagen and PLGA8, 16 μm8 μmSaos-2Increased proliferation and ALP production on collagen micropillars. Increased nuclear deformation on PLGA micropillars[@bib113]Ti21 nm15 nmBMSC and hBMHCsImproved bone deposition on nanopillars[@bib114]Alumina110 nm--Mouse bone marrow stem cellsIncreased proliferation and differentiation[@bib21],[@bib115]**Wells/PitsMaterialDimensionCell/tissueRemarksRef.**Width/DiameterDepth/HeightPMMA120 nm100 nmMSCStimulated differentiation and production of bone mineral *in vitro*[@bib21],[@bib116]35, 75, 120 nm--FibroblastsReduced adhesion, orientation and distinction of symmetries[@bib21],[@bib117], [@bib118], [@bib119]PDMS2, 5, 10 μm--Human fibroblasts2 and 5 μm showed better proliferation\
10 μm showed no effect[@bib21],[@bib120]PC7, 25, 50 μm0.5, 1.5, 2.5 μmFibroblastsNo orientation[@bib21],[@bib121]Titanium100, 30, 10 μm--MG63Cell attachment, growth, aggregation and morphology depends on the presence and dimension of the micropatterns[@bib79],[@bib122]PCL30 μm80, 220, 333 nmBMSCOptimal adhesion on 80 nm deep pits, inductive capability on 220 nm deep pits[@bib123]150 nm80 nmFibroblastsLess focal contacts and vinculin\
F-actin cytoskeleton less developed[@bib21],[@bib124][^2][^3]

5.1. Cell adhesion and alignment {#sec5.1}
--------------------------------

Cell adhesion depends on substrate properties, and it is a multistep process. First, proteins from the culture medium are adsorbed onto the surface, and followed by cell adhesion. Then the cells release compounds involved in signaling, ECM deposition, cell proliferation and differentiation. These all depend on the chemical interaction of the cell and the substrate, and therefore, the chemical composition of the surface is among the most important properties affecting the cell-substrate interaction. Chemical features of a substrate include surface charges, wettability, and protein adsorption ability \[[@bib125]\]. Studies show that moderately hydrophilic surfaces lead to more cell adhesion and good spreading, proliferation, and differentiation on a surface \[[@bib126],[@bib127]\]. Cell adhesion was found to be decreased with increasing contact angle (from 0° to 106°) in studies with osteoblasts, and the highest adhesion was observed between 60° and 80° in studies with fibroblasts \[[@bib18],[@bib128]\]. Protein adsorption is another event occurring just before cell-substrate contact. Many proteins such as immunoglobulins, vitronectin, fibronectin, and fibrinogen adsorb on substrate surfaces \[[@bib127]\]. Studies show that ions on surfaces can improve their biocompatibility and the cell affinity to surface and differentiation \[[@bib129]\]. As an example, attachment and spreading of osteoblast and fibroblast were enhanced when the surface was positively charged compared to negative and neutral \[[@bib130]\].

The idea of adsorbing proteins to the surface can be further advanced with protein micropatterns. For example, in a study fibronectin patterns spanning the area of a cell were produced \[[@bib131]\]. Cells conformed to the fibronectin patterns in the form of circles, squares, rectangles, arcs, pentagons, flowers, and stars ([Fig. 4](#fig4){ref-type="fig"}a). A similar cell patterning approach was achieved by using micro- and nanopillars. Ozcelik et al. showed different cells prefer different surface roughness and topography ([Fig. 4](#fig4){ref-type="fig"}b) \[[@bib112]\]. In this study, stem cells crowded smooth surfaces while osteosarcoma cells preferred surfaces decorated with nanotopography. In another study, micropatterns were created using several ECM proteins: hyaluronic acid, fibronectin and collagen in a layer-by-layer fashion \[[@bib132]\]. These multi-material patterns allowed coculturing hepatocytes, fibroblasts and embryonic stem cells in a patterned manner when different cells adhered to different surfaces ([Fig. 4](#fig4){ref-type="fig"}c). These examples demonstrate the versatility of chemical and physical micropatterns for studying cell adhesion.Fig. 4Cell adhesion to micro and nano patterned substrates. a- Fibronectin surface micropatterns influence cell shape and actin cytoskeleton organization of the cells \[[@bib131]\] (Modified with permission). b- Nanopatterned regions and unpatterned aisles were used to differentially attach stem cells and osteosarcoma cells to the surfaces \[[@bib112]\]. c- Hyaluronic acid, fibronectin and collagen micropatterns were used to study cocultures of hepatocytes and fibroblasts \[[@bib132]\].Fig. 4

Tissues have predetermined architectures. In some cases, these architectures require alignment of cells. To mimic the cell alignment and tissue architecture, micro and nanopatterns and grooves were employed for tissue engineering applications \[[@bib11],[@bib13],[@bib60],[@bib67],[@bib68],[@bib81],[@bib101]\]. Vrana et al. achieved aligned corneal keratinocytes and retinal pigmented epithelial cells mimicking the corneal architecture ([Fig. 5](#fig5){ref-type="fig"}a) \[[@bib101]\]. Peterbauer et al. showed that two different mammalian cells (CHO and rat myoblasts) were aligned on nano-grooved substrates (154 nm) \[[@bib133]\]. Lu et al. fabricated nano and micro patterned titanium surfaces (random and 750 nm, 2 μm, 5 μm, 25 μm, 75 μm, 100 μm grooves) and showed increased endothelial cell density as the pattern dimension decreased to nano leading to enhanced spreading and alignment of cells on nanogrooves \[[@bib94]\]. Endothelial cells grown on nanopatterned collagen films also showed alignment ([Fig. 5](#fig5){ref-type="fig"}b) \[[@bib67]\]. In other studies, stems cells were differentiated on micro-grooved substrates to align nerve cells ([Fig. 5](#fig5){ref-type="fig"}c--d) \[[@bib68],[@bib81]\]. A similar alignment effect was also achieved within a coculture system where Schwann cells were aligned on laminin micropatterns leading to aligned growth of neurites ([Fig. 5](#fig5){ref-type="fig"}e) \[[@bib13]\].Fig. 5Cell alignment on micro and nanopatterned substrates. a- Alignment of human corneal keratocytes on patterned collagen films \[[@bib101]\]. b- Endothelial cells were aligned on top of nanopatterned grooves \[[@bib67]\] (Modified with permission). c- Schematic illustration of elongation and alignment of stems cells differentiated into nerve cells \[[@bib81]\]. d- Nerve guidance conduit design with micro-grooved inner surface architecture \[[@bib68]\] (Modified with permission). e− Schwann cells were aligned to laminin patterns in the absence of other guidance cues which resulted in aligned neurite growth on top \[[@bib13]\] (Modified with permission).Fig. 5

5.2. Cell migration {#sec5.2}
-------------------

Cell migration is a complex, multistep process and integral for embryonic development, wound healing, ossification, and in immunity \[[@bib134]\]. It is also an essential contributor to disease processes including cancer \[[@bib135]\]. Many studies seek the answer to the problem how cells migrate in an obstacle course. Since micro-nanopatterned substrates are promising candidates to mimic tissue architecture, there are several studies on the subject \[[@bib17],[@bib99],[@bib110],[@bib136], [@bib137], [@bib138], [@bib139], [@bib140]\]. In an example, migration of breast cells was studied within an enclosed micropillar array ([Fig. 6](#fig6){ref-type="fig"}a) \[[@bib110]\]. Migration rate and length of non-malignant and malignant breast cells were different from one another. In the study of Mahmud et al. migration of breast cancer, melanoma and embryonic stem cells were studied on disconnected triangles, straight lines, and triangular ratchets ([Fig. 6](#fig6){ref-type="fig"}b) \[[@bib17]\]. They showed that cells prefer certain topographies for migration; ratchets had more cells to migrate than straight lines. In another study, primary and metastatic cancer cells exhibited directional migration on microgrooves ([Fig. 6](#fig6){ref-type="fig"}c) \[[@bib99]\]. Using microgrooves, cell migration patterns were classified as aligned, confined and the combination of the two. All these studies demonstrated the usefulness of engineered microtopographies.Fig. 6Cell migration on micropatterned substrates. a- Migration and epithelial to mesenchymal transition of the breast cancer cells were investigated within an enclosed micropillar array \[[@bib110]\] (Modified with permission). b- Disconnected triangles, straight line and triangular ratchet micropatterns were employed to study cancer and embryonic cell migration \[[@bib17]\]. c- Migration of primary and metastatic brain, lung and colon cancer cells were studied on microgrooved substrates \[[@bib99]\] (Modified with permission).Fig. 6

5.3. Differentiation {#sec5.3}
--------------------

Tissue engineering and regenerative medicine disciplines integrate chemical, architectural and physical cues of the scaffolds to control the fate of cells by inducing differentiation for targeted tissue regeneration. Substrate topography at nano or micro level is one of the determinants of cell fate. In a study, it was shown that ALP activity, proliferation, and expression of calvaria, number of osteoblastic cells were higher on rough surfaces with average roughness of up to 0.8 μm than on smooth ones \[[@bib141]\]. Human osteoblastic cells were also shown to have increased spreading and proliferation on rough surfaces \[[@bib142]\]. Surface roughness can be macro- (100 μm -- mm), micro- (100 nm--100 μm) or nano-level (less than 100 nm). Cells respond differently to different level of roughness \[[@bib143]\]. Similarly, the engineered topography is just as influential on cell fate as random roughness ([Fig. 7](#fig7){ref-type="fig"}). In one study, 15 nm pillars were shown to upregulate osteogenic markers of the stem cells and induce differentiation towards both osteoclasts and osteoblasts ([Fig. 7](#fig7){ref-type="fig"}a) \[[@bib114]\]. Similarly, Davison et al. demonstrated higher osteogenic marker expression on nanopits compared to planar substrates ([Fig. 7](#fig7){ref-type="fig"}b) \[[@bib123]\]. Chaubey et al. produced micropatterned (grooves with 7.3 μm separation) films to study the effects of 2D modified substrates on adipogenic differentiation of stem cells \[[@bib144]\]. Micropatterned surfaces increased adipogenic phenotype for up to 10 days. Cell confinement and cell shape control were achieved by using fibronectin micropatterns. For example, McBeath et al. showed the size of the cell confinement area is the critical factor for cell fate determination ([Fig. 7](#fig7){ref-type="fig"}c) \[[@bib145]\]. In a set up where cells were supplemented with a combination of osteo- and adipo-differentiation medium and were either confined to a very small area or a 10x larger area determined the cell fate. Cells restricted to small patterns differentiated towards adipocytes while cells on larger patterns showed osteogenic tendencies. Peng et al. made a similar observation ([Fig. 7](#fig7){ref-type="fig"}d) \[[@bib146]\]. Cells were constrained into specific shapes with different perimeters. As the perimeter of the cell increased, osteogenic marker ALP production increased while decreased perimeter led to adipogenic cell increase. These studies are not limited to bone tissue engineering. Yim et al. studied neurogenic differentiation of stem cells on nanopatterns and showed increased expression of early neurogenic markers on nanopatterned substrates ([Fig. 7](#fig7){ref-type="fig"}e) \[[@bib147]\].Fig. 7Cell differentiation on micro and nanopatterned substrates. a- Titanium nanopatterns induce ostegenic marker expression in stem cells \[[@bib114]\] (Modified with permission). b- Stem cells cultured on 220 nm deep pits showed higher osteogenic marker intensity compared to planar substrate \[[@bib123]\]. c- Stem cells confined to 1024 μm and 10000 μm fibronectin islands. Adipogenic differentiation is inversely related to island size while osteogenic differentiation is directly proportional to it \[[@bib145]\] (Modified with permission). d- Differentiation of stem cells on different sized and shaped fibronectin islands \[[@bib146]\]. e− Neurogenic differentiation and expression of nerve markers of stem cells on nanopatterned substrates \[[@bib147]\].Fig. 7

5.4. Nuclear elasticity and deformation and control of cell shape {#sec5.4}
-----------------------------------------------------------------

Forces applied on the cell surfaces resulted in cell responses including the reorganization of cytoskeletal elements, actin microfilaments, intermediate filaments, microtubules and nuclear structures \[[@bib148]\]. Rigidity, or deformability, of a cell nucleus is determined primarily by: (1) chromatin as well as the nucleoskeletal organization, and (2) expression and assembly of lamins as part of the nuclear lamina \[[@bib149]\]. Micro and nanopatterns induce mechanotransduction and cause distortions in the cell shape. The topographical cues not only distort and deform cells but also affect the nuclei within. Recent studies demonstrated that particular cell types are more prone the nuclear deformations ([Fig. 8](#fig8){ref-type="fig"}a) \[[@bib58]\]. In the study of Davidson et al. it was shown that cell nuclei deform under stress generated by patterned substrates ([Fig. 8](#fig8){ref-type="fig"}b) \[[@bib16]\]. It was shown that nuclei of cancer cells extensively deform on patterned substrates unlike the healthy cells \[[@bib150]\]. This suggests the presence of a difference in both the mechanotransduction and signaling between cancer and healthy cells and opens the door to the possibility of discrimination of cancer cells through the substrate. A recent study showed nuclear shape deformations with bone marrow stem cells (BMSCs) ([Fig. 8](#fig8){ref-type="fig"}c) \[[@bib107]\]. In the study of Badique et al. invasion capacity of a cancer cell was correlated with the deformation capacity and this could be measured by designing a patterned surface which can deform cell nucleus \[[@bib111]\].Fig. 8Deformation of cells and cell nuclei on micropatterned substrates. a- Nuclear deformability, which reflects nuclear elasticity, is different in different cell types. Micro and nanopatterned substrates could be used to reveal and visualize the elasticity differences of cells \[[@bib58]\] (Modified with permission). b- Osteosarcoma cells show nuclear deformations on micropatterned substrates \[[@bib16]\] (Modified with permission). c- Stem cell nuclei also demonstrated deformations on micropatterns and cell nuclei were confined into interpillar spaces \[[@bib107]\]. d- Actin reorganization and proliferation was studied on nanopillar arrays \[[@bib107]\]. e− Control of cell shape can be achieved with cell adhesive micropatterns produced from RGD peptides \[[@bib146]\].Fig. 8

Micro and nanopatterns are also used for the control of cell shape. Buch-Manson et al. used nanopillar arrays with different pillar densities to study cytoskeletal remodeling of fibroblasts ([Fig. 8](#fig8){ref-type="fig"}d) \[[@bib151]\]. They showed that the interface between the nanopatterned and planar regions had crucial importance to study actin remodeling and proliferation. In another study, arginine--glycine--aspartic acid (RGD) micropatterns were produced using photolithography. Stem cells were successfully confined to these RGD islands and took predetermined shapes (circle, square, triangle or star) ([Fig. 8](#fig8){ref-type="fig"}e) \[[@bib146]\]. They showed that by controlling cell shape, cell fate could be influenced indirectly.

5.5. Quantification of cellular forces {#sec5.5}
--------------------------------------

Cell-material interactions differ in disease and health state of the cells. The interaction between the diseased cells and surfaces with microtopographical features have significant importance in the study of some diseases since traction forces of the cells on these surfaces can be quantified. This would help reveal the intrinsic differences between various conditions.

Micropost arrays are being used to measure cellular traction forces for nearly a decade \[[@bib152], [@bib153], [@bib154], [@bib155], [@bib156]\]. In the study of Han et al. cells were seeded on surfaces with different micropost densities and coated with a hydrophobic polymer and fibronectin ([Fig. 9](#fig9){ref-type="fig"}a) \[[@bib153]\]. Their results showed that force generation by a cell through focal adhesions can be modulated by substrate stiffness, spread area, and post density. Understanding the effect of stiffness and spreading on traction forces generated by cells would provide insight into the formation of focal adhesions. The response of stem cells to changing micropost rigidity was studied by Fu et al. ([Fig. 9](#fig9){ref-type="fig"}b) \[[@bib155]\]. They showed that traction forces were strongly correlated with cell spreading regardless of micropost rigidity. They postulated that rigidity sensing occurs at micron scale rather than nanoscale.Fig. 9Quantification of cellular forces using micro and nanopatterned substrates. a- Traction forces of the endothelial cells were measured using a micropost array. Cells were either interacted with the microposts freely, or confined to an area with predetermined number of posts or post density \[[@bib153]\] (Modified with permission). b- Cell traction forces of the stem cells were measured using elastomeric micropost with controlled stiffness \[[@bib155]\].Fig. 9

6. Conclusion {#sec6}
=============

Cell-substrate interaction is an integral part of tissue engineering and implant design. It is also a very well-studied discipline. Nano and microfabrication technologies present a series of novel approaches for the control of substrate topography and chemistry. With the use of these technologies, cell processes like attachment, alignment, migration, and differentiation could be modulated ([Fig. 10](#fig10){ref-type="fig"}).Fig. 10Surface modifications and resultant effects on cells.Fig. 10

There are several methods used in the fabrication of surfaces with desired properties including photolithography, EBL, soft lithography, microcontact printing and hot embossing. Photolithography uses a light source to transfer the design onto the resin, while in EBL an electron beam is employed. Soft lithography and microcontact printing methods are used for chemical patterning of surfaces where the desired molecule is stamped onto the surface. Hot embossing, on the other hand, is a convenient method for the fabrication of replicas of micro-nano surfaces. All these methods could be integrated into microfluidics devices in order to control the cell microenvironment further. With the use of these novel technologies, the study of cell-substrate interactions and implant design were improved. Cell adhesion is a very complex process that requires specific chemical, physical and mechanical interactions with the substrate. In tissue engineering and regenerative medicine, control of substrate properties allows control of differentiation, achieving better tissue integration and on the whole, improved biomaterials performance. Devices produced using these methods could also make detection and screening of diseased cells or quantification of the forces generated during cell-material interactions possible. In conclusion, it can be stated that physical and chemical surface modifications at the nano- and micro levels have proven their worth in the biomedical device design.

In this review, we have presented the application of the afore mentioned methods to the creation of micro- and nanostructured surfaces to present a general perspective to the readers on cell-substrate interactions. It was shown that the geometry and the size of topographical features affect substantially the cell adhesion, alignment, migration, differentiation and morphology; however, no universal correlation was found between the size of the topographical features (nano-to-micro) and the induced cell responses. Nevertheless, in a case by case basis, promising results are observed in controlling the responses of the cells through the use of these novel approaches. Tuning of the surface properties of a substrate with patterns created by photolithographic approaches and causing the reprogramming the cells towards a specific fate, instead of conventional chemical induction, is one such example.

On the other hand, all the methods and tools that are mentioned here are valid for cell monolayers studied under *in vitro* conditions. The adaptation of these 2D methods to 3D microenvironments and assessment of their results are still being debated.
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[^2]: \*Cells (hOB: primary human osteoblasts, MSC: mesenchymal stem cells, VEC: vascular endothelial cells, VSMC: vascular smooth muscle cells, DPSC: human dental pulp mesenchymal stem cells, HMEC: human microvascular endothelial cells, BMSC: bone marrow stem cells, Saos-2: osteosarcoma cells, MCF-10 A: mammary epithelial cells, MDA-MB-231: breast adenocarcinoma cells, MG63: osteoblast like cells, OHS4: human osteosarcoma cells, L929: mouse fibroblast cell, SH-SY5Y: human neuroblastoma cells, T24: human bladder carcinoma, D407: retinal pigment epithelial cells, hBMHCs: human bone marrow hematopoietic cells).

[^3]: \*\*Polymers (HA: hyaluronic acid, PET: polyethylene terephthalate, PLLA: poly([l]{.smallcaps}-lactic acid), PMMA: poly(methylmethacrylate), PDMS: polydimethyl siloxane, PLGA: polylactic acid-co-glycolic acid, PCL: polycaprolactone, PC: polycarbonate, PS: polystyrene, PDLA: poly(D,[l]{.smallcaps}-lactic acid), PHBV: poly(hydroxybutyrate-co-hydroxyvalerate), TCPS: tissue culture polystyrene).
